Abstract-In this paper, the design and implementation of a three-layer linear polarization converter having broadband and asymmetric transmission (AT) properties is demonstrated. A 3.2 mm thick transmission-type polarization converter with two separate operating frequency bands is obtained with a cut-wire sandwiched by two layers of diagonal split-ring resonator (DSRR). The asymmetric transmission property can be realized by rotating the upper and lower DSRR dislocation, and its physical mechanism can be explicated by the Fabry-Pérot-like interference effect. Experimental results are presented and compared to numerical simulations, and they demonstrate that the proposed polarization converter has a significantly polarization conversion ratio over 0.8 in frequency bandwidths 8-11 GHz and 17-21 GHz for the forward and backward incidences. The proposed polarization converter has a great potential to be used as an asymmetric transmission radome or diode-like device in microwave domain.
INTRODUCTION
Polarization, one of the most important characteristics of electromagnetic (EM) waves, plays significant roles in asymmetric transmission [1] [2] [3] [4] [5] [6] , antennas [7, 8] , etc. Conventional devices for controlling wave polarization including birefringence materials and optically active materials are bulky, and their bandwidth is narrow. However, the devices for controlling polarization should feature the merits of compact size, broadband and high polarization conversion efficiency in practical application. Metamaterials (MMs) have attracted increasing attention for their exotic EM responses and novel physical properties which can provide unprecedented opportunities to manipulate EM characteristics [9] [10] [11] [12] [13] [14] [15] [16] [17] , including polarization [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and anomalous refraction [14, 28] . Hence, MMs-based polarization converter devices have been studied widely. Due to its asymmetric transmission effect, linear polarization converters in transmission are particularly attractive.
The asymmetric transmission phenomenon in linear polarization converter was firstly observed by Fedotov et al. [1] . After that, many methods and designs such as multi-layer MMs have been proposed to enhance the magnitude of asymmetric transmission effect [29] [30] [31] [32] [33] [34] [35] . In 2011, Kang et al. [36] proposed a Sshaped MM whose transmission polarization conversion efficiency is over 0.8 in the opposite propagation directions and exhibits an asymmetric transmission of linearly polarized waves at 6.2 GHz. And then, in 2013, Shi et al. [37] reported a bi-layered chiral MM and demonstrated to achieve cross-polarization conversion with an efficiency of over 90% for both y-and x-polarized waves. Subsequently, in 2015, cross-shaped bi-layered MM was demonstrated by Wang et al. [38, 39] , and the asymmetric transmission bandwidth could be up to 33% relative the central wavelength with a efficiency of 0.6. In the same year, Serebryannikov and Mutlu proposed a subwavelength resonances in open ultrathin chiral structures, which could realize AT in different frequencies, and its bandwidth is less than 1 GHz [33] . In a word, the asymmetric transmission effect for the earlier proposed MMs-based structures is narrow band or low efficiency (usually no more than 0.6). Thus, it is desirable to design high efficiency and broadband transmission-type polarization converter.
In this work, we present a three-layer high-efficiency and broadband polarization converter which exhibits asymmetric transmission phenomenon. The electromagnetic transmission properties of the proposed structure are investigated by the finite difference time domain method. In order to validate our design, the proposed structure is fabricated using the conventional printed circuit board (PCB) process, and test is done employing free-space method in microwave anechoic chamber. Moreover, to clarify the resonant characterization, the electrical field and surface current distributions at resonant frequencies are analyzed, and the method based on the Fabry-Pérot-like resonant cavity theory is also proposed for giving a clear explanation to the physical mechanism of the high-efficiency and broadband polarization conversion. Furthermore, the incidence angle dependent stability of the proposed polarization conversion is discussed. Figure 1 shows a schematic diagram of the proposed transmission-type polarization converter, which is composed of a cut-wire and sandwiched by two layers of diagonal split-ring resonator (DSRR) with different split directions. Numerical simulations were performed using commercial software CST Microwave Studio and frequency domain solver was carried out with unit cell boundary condition in the x-y directions and the Floquet ports in the z-direction to extract S parameters. The period of the unit cell p was set as 5 mm, and we could form the bottom layer by rotating the top layer 90 degrees counter clock wise. The key parameters of the unit cell were as follows: p = l2 = 5 mm, l1 = 2.7 mm, a = 2 mm, b = 1.25 mm, w = 2 mm, and d = 3.2 mm. The multi-layered MM by copper (conductivity = 5.96 × 10 7 Sm −1 ) was fabricated on an FR-4 substrate with a permittivity = 4.3 and a dielectric loss tangent of 0.025. In order to experimentally verify the performance of the converter, we fabricated the structure with the dimension 300 mm × 300 mm as shown in Fig. 1(c) , containing 60 × 60 unit cells. The measurements are performed using an Agilent 8720ET vector network analyzer and two broadband horn antennas. By changing the orientation of the two horn antennas, all four components of the wave transmission for different polarizations were measured. polarized waves in Fig. 1(a) . Under normal incidence, it is seen that the co-polarization transmission coefficient t vv of v-polarized and t uu of u-polarized incidence wave are exactly consistent with each other. In contrast to co-polarization transmission, the cross-polarization transmission coefficient t vu of u-polarized incident wave is extremely different from t uv of v-polarized incident wave in the frequency bandwidths 8-11 GHz and 17-21 GHz. Based on [36, 40] , the above two conditions include 1 Copolarization transmission coefficient T uu coincides well with T vv . 2 The cross-polarization transmission coefficient T uv should be extremely different from T vu at the considering frequencies, which could ensure the presence of asymmetric transmission effect for linear polarization waves only. Most interestedly, two separated passbands are observed, one for v-to-u polarization conversion and the other for u-to-v polarization conversion, which demonstrate strong optical activity in the proposed MM.
SIMULATIONS AND EXPERIMENTS
The numerical and experimental transmission coefficients are given in Figs. 2(a) and 2(b). It is obtained that t uu = t vv and t uv = t vu , which means that only linear polarization conversion occurs. In Fig. 2(a) , the polarization conversion bandwidth of cross-polarization transmission t vu over 0.8 can be achieved from 8-11 GHz for simulations and reaches a maximum of 0.9 at 9.7 GHz while both the co-polarization transmissions t uu and t vv are under 0.1. In this passband, the incident u-polarized wave is almost completely transmitted to v-polarized wave while the incident v-polarized wave is completely blocked through the structure. Meanwhile, an obvious resonant peak in t uv can be observed with a maximum larger than 0.87 at around 19.27 GHz and the bandwidth over 0.8 could be achieved from 17-21 GHz, where incident v-polarized wave is almost completely transmitted to u-polarized wave while incident u-polarized wave cannot pass through the structure. In addition, when the propagation direction is reversed, t uv and t vu interchange with each other shown in Fig. 2(b) . The measured crosspolarization transmissions are in good agreement with the simulated ones in Figs. 2(a) and (b) . Due to the limitations of experimental conditions, the measurement is conducted only in the range of 5-18 GHz.
Theoretical and experimental results demonstrate that the multi-layered MM is nearly transparent to incident linearly polarized waves in two separated asymmetric transmission bands, where a linear polarization wave can be completely converted to its cross-polarization and then transmitted, while the same one cannot pass through the MM in the opposite direction. The little discrepancy is caused by the fabrication error and distortion at high frequency.
ANALYSIS AND DISCUSSIONS

The Theoretical and Experimental Asymmetric Transmission Coefficient
The asymmetric transmission effect of the linear polarization waves is usually characterized by a symbol Δ, which is defined as the difference between the transmissions in two opposite propagation directions. The asymmetric transmission coefficients for the linear polarization waves (superscript u or v represents u-polarized waves or v-polarized waves respectively, and superscript f or b represents the forward propagation or the backward propagation respectively) are then defined as:
According to Eq. (1), Δ u and Δ v of the proposed polarization converter are presented, just as in Fig. 2(c) . In particular, one can see that the asymmetry factor curves Δ u and Δ v show two opposite peaks located at about 9.7 and 19.27 GHz in Fig. 2(c) . Two values of 0.82/−0.82 and −0.78/0.78 in the curves Δ u and Δ v imply that the u/v-polarized wave in the forward direction is mostly allowed/forbidden at about 9.7 GHz and forbidden/allowed at 19.27 GHz, respectively. Although the measured asymmetric transmissions in Fig. 2(c) are only in the range of 5-18 GHz, they agree very well with the simulated ones in the whole bands except some distortion at high frequency. It is clearly demonstrated that two curves Δ u and Δ v are exactly contrary to each other in Fig. 2(c) . The slight amplitude difference in between the simulation and experiment may be caused by the mismatch between the assumed imaginary part of permittivity and the realistic material parameter.
Angle Independent of Polarization Converter
The above analysis shows that the proposed converter has advantages of dual-band and high-efficiency polarization conversion under normal incidence; however, in practical applications, the EM wave is usually incident onto converter with an oblique incident angle. Therefore, the relationship between the angle of incidence and polarization conversion performance needs to be investigated. In this section, the response of our proposed converter for oblique incident performance is examined. To this end, incident angle θ is defined as those formed between the propagation vector of the incident wave and the z-axis over xz -plane. The simulated transmittance for various angles θ is illustrated in Fig. 3 , indicating an almost angle-independent performance up to θ = 60 degrees for the resonant peak. Such insensitivity to incident angle provides convenience in practical applications. However, the co-polarization transmission coefficient t vv of v-polarized wave does not coincide well with t uu of u-polarized wave, and the discrepancy between t vv and t uu becomes more and more obvious with the increasing of incident angle, which implies that asymmetric transmission of circular polarization waves is occurred [36, 40] . Furthermore, when the incident angle θ is 60 degrees, we can see that t uv = 0.85, t uu = 0.05, t vv = 0.05, t vu = 0.02 at frequency of 20.5 GHz, except the transmitted energy, and nearly all of energy is reflected due to the small loss tangent of the dielectric.
Physical Mechanism of the Polarization Conversion
For convenience, three layers of the proposed polarization converter were marked as M1, M2 and M3, respectively. In our design, the three-layer MM can form two isolated Fabry-Pérot-like resonant cavities: , and the schematic of the cavity like MM is shown in Fig. 4(c) . The incident wave can be either u-polarized or v-polarized and the resonant frequency of 9.7 GHz is considered. In Figs. 4(a) and (b), as the incident wave comes into the first Fabry-Pérot-like resonant cavity, the EM wave travels back and front between the top DSRR layer and middle cut-wire layer, leading to a constructive interference between the multiple polarization couplings, and the polarization of the transmission wave is thereby rotated by 135 • (colorful arrows in Fig. 4) . Subsequently, the polarization of the transmission wave is further rotated by about 135 • when it penetrates through the second FabryPérot-like resonant cavity. As a consequence, the u-polarized incident wave is efficiently transmitted to v-polarized wave. For the v-polarized incidence, a similar case also exists. According to the above analysis results, the physical mechanism for the giant and broadband AT effect of the proposed MM is shown in Fig. 4(c) . The metallic DSRR are responsible for polarization conversion, including the processes of transmission and reflection, the cut-wire acts as a linear polarization selector polarization with an electric field parallel to the wires is fully transmitted while the perpendicular one is totally reflected. Hence, the cut-wire forms two independent cavities with two DSRR, which largely enhance the asymmetric transmission parameter. Our investigations indicate that the design of Fabry-Pérot-like resonant cavity can explain why the MM could achieve broadband polarization converter and asymmetric transmission of linearly polarized wave.
To further understand the physical mechanism of polarization conversion, electric field distributions along forward incident direction at resonant frequencies of 9.7 GHz and 19.27 GHz are presented in Fig. 5 . For the proposed MM, the electric fields distributions for u-polarized and v-polarized incident waves at 9.7 GHz are shown in Fig. 5(a) and Fig. 5(b) , respectively, which is clear that the u-polarized incident wave is transformed into a v-polarized output wave at this frequency, but reflects most of the v-polarized wave as depicted in Fig. 5(b Fig. 2 . Moreover, surface current distributions on metal patches of all the three layers at the resonant frequency of 9.7 GHz are also considered. Just as shown in Fig. 6 , the brown, red and purple arrows represent the surface current direction of top DSRR layer, middle cut-wire layer and bottom DSRR layer, respectively. As we know, the coupling effect between electric and magnetic fields plays an (a) (b) Figure 6 . Surface current distributions on metal patches of all the three layers at the resonant frequency 9.7 GHz. (a) at normal incidence, (b) at 60 • oblique incidence. important role in a chiral or anisotropic MM. It is observed from Fig. 6 that the x component H x is generated by the anti-symmetric currents decomposed in x direction and y component H y generated by the symmetric currents in y direction. Then we can obtain the total magnetic field H out , which is parallel to the incident electric field E in . Thus the E in and H out generate the cross-coupling effect and leads to a u-to-v cross-polarization and most energy of the u-polarized incident wave is transformed with a 90 • rotation at resonant frequency of 9.7 GHz.
Next, the physical explanation about angle independent of the structure will be considered. The surface electric current distributions of the proposed multi-layers structure are obtained for the normal incidence and 60 degree oblique incidence at the resonant frequency of 9.7 GHz, just as shown in Fig. 6 . It is clear that the surface current distributions coincide well at two different incident angles, which could be understood as that the mechanism of polarization conversion in oblique incident is the same as normal.
CONCLUSION
In summary, we have proposed a three-layer transmission polarization converter MM both numerically and experimentally. The proposed polarization converter can accomplish high efficiency and broad bandwidth for the linear polarization waves. Subsequently, the polarization converter has a dual-band asymmetric transmission in two opposite directions, distinct from the MMs previously reported which only show a single-band asymmetric transmission effect for one polarization. Furthermore, the proposed polarization converter can maintain the same polarization conversion effect when the incidence angle increases from 0 • to 60 • for both u-and v-polarized waves. Strong asymmetric transmission effect of linear polarization waves along two opposite propagation directions occurs, and the proposed MM can reveal a perfect polarization conversion with over 85% conversion efficiency for both u-and vpolarized waves. These two separated asymmetric transmission passbands have a function of selective polarization filter, which can be switched on/off by changing the polarization state of incident waves, and then the electric field in the Fabry-Pérot-like resonant cavity and surface current distribution is applied to demonstrate physical mechanisms of the polarization conversion.
